Abstract: Additive Manufacturing (AM), generally also referred to as 3D printing, has gone through vast development in the past 20 years which still continues. In particular, the market segment of personal 3D printers has achieved an average annually growth rate of approximately 170% from 2008 to 2013. The purpose of this research is to identify the best AM process applied in personal printers in terms of cost, sustainability, surface roughness, and human perception, as these aspects are essential for this new thriving market segment's future. In addition, the research investigates which objective roughness parameters are suitable for qualifying subjective perceptions. The primary AM processes, Fused Deposition Modeling, Stereolithography and Polyjet printing are in the focus of this research. Manufacturing costs as well as environmental impact are calculated, five independent roughness parameters (Ra, Rz, Rq, Rsk, and Rku) are measured and the subjective perception of samples is assessed through sensorial analysis. In conclusion, samples manufactured with Polyjet printing have the best subjective quality, but the highest costs and environmental impact. Biplots of roughness parameters versus sensorial ranking indicates a significant correlation between maximum peak-to-valley height Rz and tactile and visual perception, while the kurtosis of the topography height distribution Rku correlated best to the hedonic rank.
Introduction

Background
Low-cost desktop 3D printers, or personal 3D printers, are those additive manufacturing (AM) machines with a unit price under $5.000 [1] . Though their history is much shorter compared to industrial 3D printers, this market segment has been booming in recent years, with an average annually growth rate of approximately 170% to date from 2008. The amount of personal 3D 2 / 21 printers has surpassed industrial printers by several scales in terms of growth rate and quantity [1] . The rapid development of personal 3D printers is mostly based on the Stratasys' Fused Deposition Modeling (FDM®) technology [2] , the first multi-material 3D printer "Fab@Home" [53] and the RepRap open source machine development project [3] since 2007. As a result, a dominant quantity of personal 3D printers is based on Stratasys' patented technology FDM® and Fused Filament Fabrication (FFF) technologies. The American Society for Testing and Materials (ASTM) classifies all of these AM principles as material extrusion technologies, in which material is selectively dispensed through a nozzle or orifice [4] . With the development of the personal 3D printing market segment, few fundamentally new processes have been developed and few existing AM processes have also been reapplied toward the personal 3D printer segment, including Vat Photopolymerization and Material Jetting. Vat Photopolymerization is an AM process in which liquid photopolymer in a vat is selectively cured by light-activated polymerization [4] as Stereolithography Apparatus (SLA®). Polyjet®, as an AM process in which droplets of build material are selectively deposited and cured with UV light [4] , is an example for Material Jetting.
Research objective
A key advantage of AM is the ability to facilitate customized production and allow designs that were not possible with previous manufacturing techniques. With the significant development in previous years, AM technology seems to open up new opportunities for the economy and society. Various challenges, however, can impede and slow the adoption of this technology, to which their cost effectiveness in comparison to traditional manufacturing methods and ability to fulfill the social demand on cleaner production and sustainability belongs. Therefore, the manufacturing cost and environmental impact of these AM processes have to be evaluated. Besides that, the main application field of personal 3D printers is prototyping. According to statistics collected by 3D Hubs over 10.000 printers, their main applications are categorized as: Prototype, Hobby/DIY, Gadget, Art/Fashion, Scale model and Household [5] . Therefore, in comparison to mechanical or thermal properties, the tactile and visual perception along with aesthetic coordination has more influence on how the consumers assess the quality of 3D printed parts. Today, the surface quality of plastics manufactured by FDM, SLA, and Polyjet printing and main influencing factors have been comprehensively researched. Previous studies have found that layer thickness and road width 1 have significant influence on FDM parts [6] . Layer thickness, hatch and fill spacing affect the inclined and horizontal planes of SLA parts [7] . In Polyjet parts the layer thickness and built style (matte or glossy) are the most influencing factors [8] . In mutual comparison, FDM parts have the roughest surface [9] . Polyjet printing surpasses SLA in surface quality in all inclined surfaces but not for an inclination of 90°, which is the vertical surface [9] . However, how the printed parts of these processes are perceived by consumers and which parameter will influence their perception has not been investigated yet. Therefore, this research will focus on the most relevant 3D printing processes for plastic parts, FDM, SLA, and Polyjet printing, and investigate which measured surface roughness parameters are suitable for qualifying subjective perceptions. In addition, costs and environmental impacts will be investigated. 1 Thickness of the road that the FDM nozzle deposits 3 / 21
Sample preparation
Several samples were manufactured with different AM techniques to compare cost, environmental impact, roughness and sensory quality. The dimensions of the benchmark samples are 38.1 mm x 38.1 mm x 38.1 mm (1.5" x 1.5" x 1.5"). Figure 1 shows the sample details.
Figure 1 The benchmark part
To achieve a performance evaluation and comprehensive perception by assessors towards 3D printing, the benchmark part includes key shapes and features, which are increasingly required or expected of AM processes and suitable for fabrication in a typical personal 3D printing machine. Similar geometric features are used in a study on AM process comparison including SLA and FDM by Mahesh et al. [10] . The geometric features shown in Figure 2 are identified by two-letter names, such as SB, HC, etc. for referencing in the succeeding table and results. They are also summarized in Table 1 in alphabetical order. Five samples were chosen for the final assessment. The sample's manufacturing details are listed in Table 2 . The chosen materials are the most relevant for each additive manufacturing process: FDM with polylactic acid (PLA) [11] and acrylonitrile butadiene styrene (ABS) [12] , SLA with a clear ultra-violet (UV) curing resin [13] , Polyjet printing with translucent UV resin VeroClear [14] and Digital material 2 Grey 60 [15] . All materials are provided by the manufacturers of the AM machines used. FDM parts were built with the machine's minimum layer thickness setting of 100 microns for a better benchmarking. Without concern about samples' strength, infill density for FDM parts is chosen at the lowest reasonable level to save print time and material [47] . An infill density lower than 100% is not possible for parts originated from photosensitive materials, because any overhanging features of the parts must be supported during the build process to prevent them from collapsing under their own weight [51] [52] . The sample with a potential structure inside would have a closed shell. This prevents the removal of the supporting uncured resin (at SLA printing) or of the supporting material (at Polyjet printing). For FDM parts their low infill density can significantly reduce own weight, up to approximately one third of SLA and Polyjet samples' weights. The SLA part was built with the default layer thickness of 50 microns, while the Polyjet part was made with default 32 microns and 16 microns. Furthermore, the FDM and Polyjet parts were built from square bases in the vertical direction, whereas the SLA parts were tilted with a vertical angle according to the recommendation from the used Formlabs' software. The SLA part is presented in Figure 2 .
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Figure 2 Build direction of SLA sample in printer
To ensure a minimum effect of post-processing on the samples' surface roughness, the postprocessing procedures are strictly confined to 1 st level procedures as defined in the Wohlers report [17] . These 1 st level procedures are the separation of the printed part from surrounding liquids or loose powders and removal of supporting structures without influencing the surface topography. In this research, the supporting structure for the FDM parts at the opening of geometric feature SD were manually removed and finished. The SLA sample was put into isopropanol for several minutes after fabrication. Then the support structures (as seen in Figure 2 ) were also manually removed and finished. The Polyjet samples were removed from the build platform using a knife and the supporting powders remaining in the geometric features SD and SU were removed with high-pressure water jet in a wash box.
Manufacturing costs
According to Son [37] , the manufacturing costs for 3D printing can be categorized in two different ways: (1) for "well-structured costs", e.g. labor, material, and machine costs and (2) for "illstructured costs" involving those associated with build failure, machine setup, and inventory. As the "ill-structured costs" relates more to possibilities for savings in a supply chain, the two major manufacturing costs models for 3D printing by Hopkinson and Dickens [38] and Ruffo et al. [39] are based on the "well-structured costs". The suitable equations for this research's printing scenario and the main assumptions includes: (1) only one part is manufactured in each build, (2) the printer will completely depreciate after eight years and (3) the printer worked 100 hours per week for 50 weeks per year (57 % utilization).
The equation for manufacturing costs Csum in total is as following: The costs for facility rent, maintenance, equipment and software (referred to as administrative overhead by Ruffo et al. with 1.4% in total cost) were ignored. All relevant data is listed in Table 3 . For Polyjet parts secondary gel-like support material was used and its data is shown behind the build material in square brackets. Table 2 As seen in Table 3 , the Polyjet parts (IV and V) have the significantly highest costs among the three AM processes, whereas FDM parts (I and II) have the lowest. The price for the SLA part (III) is in the middle. Labor costs contribute greatly to manufacturing costs and the effect is more significant with relatively low-cost FDM printers. For cost per weight Csum/msmp, however, the SLA part (III) has the lowest value, followed by FDM parts and Polyjet parts. The cost per weight span only from 0.463 $/g (100%) to 1.223 $/g (about 260%), whereas the total cost span from $8.342 (100%) to $35.381 (about 420%). However, as the Polyjet printers have the ability to manufacture multiple parts within one build without a significant increase in time due to a scan width of 2.5'' by UV lamp, the cost per part could be reduced correspondingly [29] [42] . Because today the material costs of Polyjet printing are considerably higher than total costs for FDM and SLA products, it is not realistic for Polyjet to achieve the same price per unit as FDM or SLA. Multiple printings make Polyjet printing more competitive.
Environmental impact of the printed parts
With the maturing of 3D printing techniques, the public considers higher sustainability as a key 
Evaluation with life-cycle methodology
The first evaluation method to assess the environmental performance of AM processes is based on the work by Luo et al. [43] . As a life cycle methodology it includes environmental impacts in all life cycle stages. The hierarchical process model by Luo et al. applies Eco-Indicator 95 [46] as Environmental and Resource Management Data (ERMD), which defines ways to quantify the consequences of impairment of the environment. Four AM products' life cycle phases are in focus: (1) raw material preparation, (2) build process, (3) product usage and (4) disposal. In the build process phase the environmental impact of AM per se and possible residues are considered, and in the use phase the material toxicity. Three different methods (recycling, landfill, and incineration) are available for the disposal phase. The entire methodology is shown in Figure 3 .
The final result of AM products' environmental impact is called environmental performance value (EPV) and its unit is Eco-indicator Point (Pt), which is divided into 1000 millipoints (mPt). The higher the EPV, the more environmental impact an AM product causes. 
Figure 3 Process model of environmental performance
The following equations calculate the environmental impact of the build processes, which is expressed in Energy in Process (E.P.) and represents the environmental impact of energy used to process one kilogram of print material. Table 3) : Manufacturing time for a sample
The processes' E.P. is analyses as summarized as following in Table 4 . It can be seen from the final result of E.P. that the build process of sample V causes 17 times more environmental impact than sample I. 
(mPt/kg) Table 5 shows the samples' EPV as total value of 4 life cycle phases (Figure 3) . The EPV was calculated in the left row for 1kg of input material, then in the right row according to input material for the manufacturing of one sample. In disposal phase the method with least environmental impact was chosen. The data refers to Eco-indicator 95 [46] . * See used material weights in Table 3 The results of total EPV of used material for samples and their distribution in different life phases are illustrated in Figure 4 .
Figure 4 Illustration of samples' total EPV and distribution in life phases
The FDM samples have not only advantages in energy consumption during the build process, but also have low total life-cycle environmental impact in comparison to SLA and Polyjet printing. These advantages are mostly based on their high process overhead coefficient, recycling possibility and low material usage due to less than 25% infill. Especially the low infill density in FDM parts and the resultant reduction of the needed build material have contributed to the outstanding environmental performance: In view of total EPV per kilogram build material, the Polyjet samples IV and V are increased by factors of two and three compared with the FDM sample II. If the weights of used materials are taken into consideration, the factors expand to about 11 and 17 respectively. Moreover, according to the LCA calculation by Kreiger and Pearce [33] , the ABS and PLA parts manufactured by personal FDM printers have already an advantage in terms of energy consumption and CO2 emission in comparison to the conditional injection molded parts, if their infill is less than 79%, which is fulfilled in this research's samples. This whole discussion, however, does not take material strength and other mechanical properties into account.
Evaluation with focus on build process
A new approach was developed later by Bourhis et al. [44] using Eco-Indicator 99 [36] to comprehensively evaluate the environmental impact of AM processes. The sources of energy consumption in manufacturing processes are divided into three flows: electric consumption, material consumption and fluids consumption. In the final calculation, the electric consumption (in kWh), the material consumption (in kg) and the fluids consumption (in l) are converted into the environmental impact value (E.I.) with the same unit "mPt" as in Eco-Indicator 95. Due to a limited understanding of the energy consumption distribution in 3D printers, the following simplified equations are applied.
. . = ∑ *
. . ℎ = ℎ * *
: Electricity factors (22 mPt/kWh) [50] : Material factors (mPt/kg) [50] : Weight of the material (g)
Machine power (W)
: Manufacturing time for a sample (s)
The entire composition of the calculation formula and its relevant parameters are shown in Figure  5 . The results of E.I. are summarized as following in Table 6 . Table 2 11 / 21
It can be seen from the table that the results correspond to those calculations with Eco-Indicator 95. Among the three AM processes FDM has the lowest, SLA medium and Polyjet printing the highest environmental impact.
Comparison of the results
In comparison with the method by Luo et al. [43] , the approach by Bourhis et al. [44] has applied the newer Eco-Indicator 99 instead of Eco-Indicator 95, which is more accurate and most commonly used nowadays [44] . Furthermore, the approach has gone beyond the electrical consumption of the machine in process and achieved a complete analysis of the build process. However, without life cycle methodology as basis, the results from the approach by Bourhis et al. [44] are only comparable with results of life phases 1 and 2 by Luo et al. [43] , and therefore are more suitable for identifying the results of changing part's design or process parameters in their corresponding final products' environmental impacts. In both analyses, the machine power has a large impact on the final assessment and should be studied further. 
Study of surface roughness and sensory assessment
Sample roughness measurement
Filter and sample length
Subjective roughness properties of surfaces are perceived by touching which includes finger pressure and positioning on the material surface. So far the research hypothesis is that the stimulus on the fingers can be compared with a vibration of a given frequency [18] . Any stimulus below the finger discriminative capacity is not detectable [21] . Therefore, the profiles detected by the profilometer must be filtered according to the human discriminative capacity for vibrotactile frequencies. According to Hollins et al. [19] the scanning velocity of the fingers is on average 90 mms -1 and to Ye et al. [20] , the vibration is perceptible by fingers through vasoconstriction with a frequency greater than 63 Hz. Meanwhile, the discriminative capacity of human fingers equals the ratio of the scanning velocity and the frequency [21] . Therefore, the roughness profiles were filtered by Gaussian high-pass filter with a cutoff length 3 of 800 μm (0.03") and evaluation length was chosen to be five times the sampling length 4 [27] .
Evaluation area and number of acquisitions
Due to the 3D printed parts' inherent properties of anisotropic facets [30] and different surface quality of each facet [31] , four roughness samples were collected on each acquisition area. The acquisition areas include top, front, side facets, TW and SU/SD geometric features (in Figure 1) for 12 / 21 all five samples. Five surface roughness amplitude parameters, which are independent from each other, were calculated from the filtered profiles: Ra, Rq, Rz, Rsk, and Rku. Their definitions are listed in Table 7 . The same parameters were used in studies [21] and [30] . 
Sensory evaluation
The minimum number of persons for sensory evaluation (assessors), order of presentation, and number of samples are defined in standards by the Association Française de Normalisation (AFNOR) on sensory analysis of materials [24] [25].
Assessor (subject) selection
The purpose of the sensory analysis was to study the ranking and the perceptible differences between different samples with various surface qualities. According to SSHA [26] , a minimum number of 20 assessors are required for the ranking test to be significant. A group of 32 assessors was recruited for sensory evaluation. All assessors are students at the University of California, Davis and possess sufficient English skills to complete the whole assessment. The group consisted of 25% students majoring in Arts and 75% in Science. 81.3% of the group had no previous experiences with 3D printing according to their own statement.
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Experimental sessions
The experiments were held in spaces with sufficient illumination and the assessors performed the experiment one at a time. The time taken per evaluation was approximately 12 min and the full study was finished in 6 days. No monetary compensation was given to the assessors. The whole experiment was arranged in three successive assessments (hedonic, tactile and visual) and the assessors were asked to rank the samples after touching and/or seeing all five samples for each assessment type. The partition of sessions and ranking methods are based on Ramananantoandro et al. [21] . As the assessors had not seen the samples beforehand, the assessments were conducted in the following order:
(1) Analysis of hedonic appreciation, i.e. ranking in order of personal preference of samples: rank 1 was assigned to the least appreciated sample and rank 5 to the most appreciated sample. There was no instruction on criterion of preference. The assessors did not see the samples during this session. (2) Analysis of tactile roughness perception: a rank of 1 was assigned to the sample with the roughest surfaces and rank 5 to the sample with the smoothest surfaces. Also during this session, the assessors did not see the samples. (3) Analysis of visual impression of roughness, without touching the samples: rank 1 was assigned to the sample with the roughest surfaces and rank 5 to the sample with the smoothest surfaces. The hedonic and tactile sessions were conducted in a neutrally-colored cabinet, which has openings on both sides facing assessors and researchers. The opening facing the assessors was covered with a white curtain so that the perceived sample is invisible for assessors. The design is similar to Chen et al. [26] . During the experiments, assessors were allowed to retest to make sure of their ranking. They were allowed to use active dynamic touch to explore the samples and no restriction was given as to the number of hands used. The order of sample presentation to each assessor in each session was randomly arranged. To avoid possible influence from sample color during the visual session, the experiment moderator emphasized before the session that the ranking should only be based on the samples' surface roughness, regardless of other surface features.
Agreement between the assessors
The sensory analysis was performed by Minitab® 17 software package. Kendall's coefficient of concordance (W) was calculated for each assessor as a measure of the amount of agreement between the ranks [28] . A value of W close to zero describes a discordance between the ranks of the variables, while a value close to 1 represents a perfect agreement between the ranks of the variables. The value of W was 0.10 and 0.33 for hedonic and tactile assessment, which indicates higher discrepancy among the various assessors. The value of W was 0.64 for visual assessment, which indicates a greater unanimity. The p-values (statistical hypothesis testing value) of the three assessment methods are 1.40E-02, 1.97E-08, 8.91E-17 respectively and < 0.05, which allows rejecting the null hypothesis that there was no agreement among the judges. Therefore, the agreement among assessors provides the basis for the following analysis.
Sensory analysis
The ranking of each assessor for each sample was decoded; the average score for each sample was calculated and summarized in Figure 6 . The significance of observation is given at the 95% 14 / 21 confidence interval level. For the hedonic appreciation (Figure 6 (A) ), two samples were preferred by the assessors. The sample with the highest hedonic score is manufactured with SLA (III). The worst are the samples manufactured with FDM (samples I and II). Although the PLA (I) and ABS (II) materials have close average scores, the ABS sample has a slightly wider confidence interval. For the tactile assessment of surface roughness by active touch (Figure 6 (B) ), the assessors tended to have a clear distinction between the different samples. The ranking mirrors the expectation that a smaller layer thickness produces smoother surfaces. Samples with smaller layer thickness were assigned higher scores and the two FDM samples (I and II) were assessed to be the roughest. The Polyjet sample with Digital material (V) has the best ranking. Concerning visual observation (Figure 6 (C) ), the samples tend to be distinguished significantly in two groups. While the FDM samples (I and II) have again the lowest scores, the SLA (III) and Polyjet samples (IV and V) have nearly the same scores. With the same judgment objective of surface roughness in tactile and visual sessions, the results can be interpreted in such a way that the assessors have a more realistic judgment in the tactile test than in the visual test, or the differences are not easily perceptible by eyes. Except for the SLA sample (III), the average scores from the hedonic appreciation assessment (A) have the same pattern as the ranking in tactile roughness assessment (B). A possible explanation is that the surface roughness influences significantly the assessors' personal preference towards plastics parts and to prefer smoother surfaces to rougher ones. However, the amplitude between the lowest and highest average score in (A) is reduced by comparison to (B), which means that for individuals the surface roughness is only one aspect in personal preference. The slightly higher ranking of FDM samples (I and II) in hedonic appreciation assessment (A) compared to assessments B and C could be attributed to their relatively light weight due to low infill density. The significantly higher average score and wider confidence interval for the SLA sample (III) indicates that its unique material per se was appreciated by a certain number of assessors.
Correlations between sensory analysis and roughness
The interrelation between sensory analysis and measured roughness was observed by means of linear regression analysis. Pearson's correlation coefficients [45] between the five roughness parameters and sensory average scores are presented in Table 8 . 
Results
Tactile and visual results
The common surface roughness parameters Ra, Rq, and Rz are negatively correlated with the tactile average score at the 0.1 level and more significantly with the visual average score at the 0.05 level. This result indicates that the surfaces perceived as rough by fingers and eyes have a high value of Ra, Rq, and Rz, among which Rz has the highest correlation. The biplots of Rz versus tactile and visual average scores are represented in Figure 7 (A) and (B) respectively, and the biplots of Ra versus tactile and visual average scores are presented in Figure  8 (biplots of Rq have exact the same pattern). The higher correlation coefficient of Rz compared to Ra is reflected by the sample III's and IV's positions. In Figure 7 (Rz), sample IV has smoother surfaces (low Rz value) than III and additionally also higher ranking scores. In Figure 8 , sample III tends to have smoother surfaces (low Ra value) than IV. Rz represents both the tactile and visual roughness well. FDM samples with PLA and ABS (I and II) as build material were perceived differently by human touch and eyes. The ABS sample (II) has even a higher value of Rz than the PLA sample (I). In the tactile assessment this phenomenon might be attributed to the perception of extremely smooth surface when scanning along the texture of ABS sample, whose minimum value of Rz is 2.4 µm while minimum value of Rz on PLA sample is 4.11 µm. In the visual assessment the phenomenon may be attributed to the different colors of the build materials. As already researched by Whitaker et al. [34] and Klatzky and Lederman [35] , the color texture influences roughness appreciation by the observers. Aligned with the perceived ranking by human touch and observation, the Polyjet sample with Digital material (V) has the minimum average Rz value among all samples and also a small confidence interval. The average Rz values of Polyjet and SLA samples correspond to the general principles of these AM processes. In Polyjet printing and SLA an increase in layer thickness leads to increased surface roughness. The trend is perceptible in both tactile and visual assessments. The reasons for a more significant difference in visual assessment scores between translucent Polyjet and SLA samples may be also attributed to the obvious texture on the SLA sample (III). In summary, Rz represents an overall significant measurement of the surface roughness on 3D printed parts, but only one parameter is not enough to comprehensively characterize tactile and visual human perception, as surface texture and material colors have also significant influence. However, this result is remarkable as Rz being not the most common parameter for surface roughness measurement of 3D printed parts. Ra, as the most commonly used measurement parameter is slightly inferior to Rz in reflection of human tactile and visual perception.
Hedonic results
For the hedonic assessment, there is a significant correlation between hedonic scores and Rku (Kurtosis of the topography height distribution) in Figure 9 . Rku has correctly predicted the average hedonic scores of 4 samples, except for the Polyjet sample (V). One reason might be that rugged and relative rough surfaces were not preferred by the assessors. In other words, samples with a low frequency of extreme peak or valley height around an average line are preferred to those with high frequency. In comparison, as roughness parameter with the second highest correlation, Ra has predicted the positions of three samples.
Conclusions
The research has focused on three important aspects of personal 3D printing processes, i.e. manufacturing cost, sustainability, and visuotactile perception of surface roughness. For manufacturing cost, two main approaches by Hopkinson and Dickens [38] and Ruffo et al. [39] exist, which are applied to personal 3D printers with appropriate assumptions to the print scenario. In calculation with the benchmark samples, the Polyjet parts have the highest cost while the FDM parts have the lowest. With personal 3D printing's scenario of one single part being manufactured in a build, labor cost contributes greatly to manufacturing cost. With more than one parts manufactured in one build, the cost of Polyjet printing could be reduced. In terms of environmental impact in life cycle, life cycle methodology and Eco-Indicator 95 are applied by Luo et al [43] . FDM products have the lowest environmental impact while Polyjet products the highest, which could be attributed to FDM's relatively low process energy consumption and the possibility to be recycled when the products are disposed. An infill density less than 100% is also a crucial factor. Another approach by Bourhis et al [44] focuses on the print process per se consumption with the more accurate Eco-Indicator 99. The electric, material and fluids consumption are in scope and analyzed separately during the print process. With this approach, FDM products have the lowest environmental impact while Polyjet parts have the highest. Fill ratio, density and part weight can be varied in FDM and change the impacts considerably. This research has also investigated the sensory responses of 32 individual assessors of 3D printed part quality, and the variation and subjectivity of their assessments. The assessors were able to distinguish the differences of five samples of 3D printed parts with various build materials. Concerning the hedonic assessment, the assessors preferred smooth surfaces with a high Rku value. In contrast, the agreements between the assessors were low by comparison to tactile and visual 18 / 21 assessments, which indicate assessors' various preference towards 3D printed parts. The measured 2D surface roughness parameters have a significant correlation with the sensorial ranking scores. The parameter Rz (Maximum peak-to-valley height) was superior to Ra and Rq, which are the most commonly used surface roughness parameters. Rz has a higher correlation with the tactile assessment results and an even better fit with the visual assessment scores. However, the sensory judgments are also subjected to other influencing factors, e.g. surface texture and build material color. Therefore, Rz alone cannot comprehensively characterize different human perception among samples. Overall, the Polyjet samples have achieved the best rankings in all hedonic, tactile and visual assessments, but also have the highest manufacturing costs and environmental impact. The SLA sample has a middle ranking in tactile and visual assessments, but its unique material per se was significantly more appreciated in hedonic sensation. While the FDM samples have the worst overall ranking, they were manufactured with the lowest costs and environmental impact. Their light weight due to low infill density contributes not only to assessors' hedonic appreciation, but also significantly to sustainability [33] . In conclusion, the three investigated AM processes for personal 3D printers have their own advantages and disadvantages. The different aspects of costs, environmental impact and quality have to be weighed against each other. Cost-benefit analysis has proven to be one simple and transparent method to combine different sustainability dimensions [48] . However, it could be concluded from this research's results that the samples with best surface quality are also accompanied with highest manufacturing cost and environmental impacts. Further research should study the subjective assessment in more detail. If specific applications for the printed parts are given that exceed aesthetics, material properties should be taken into account. Furthermore, different AM processes have advantages in printing specific shapes and materials which can be investigated further in future in connection with the consumer wishes.
